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ABSTRACT
The formation of interstellar water has been commonly accepted to occur on the surfaces of icy dust grains in dark molecular clouds at
low temperatures (10-20 K) , involving hydrogenation reactions of oxygen allotropes. As a result of the large abundances of molecular
hydrogen and atomic oxygen in these regions, the reaction H2 + O has been proposed to contribute significantly to the formation of
water as well. However, gas phase experiments and calculations, as well as solid-phase experimental work contradict this hypothesis.
Here, we use precisely executed temperature programmed desorption (TPD) experiments in an ultra-high vacuum setup combined
with kinetic Monte Carlo simulations to establish an upper limit of the water production starting from H2 and O. These reactants are
brought together in a matrix of CO2 in a series of (control) experiments at different temperatures and with different isotopological
compositions. The amount of water detected with the quadrupole mass spectrometer upon TPD is found to originate mainly from
contamination in the chamber itself. However, if water is produced in small quantities on the surface through H2 + O, this can only
be explained by a combined classical and tunneled reaction mechanism. An absolutely conservative upper limit for the reaction
rate is derived with a microscopic kinetic Monte Carlo model that converts the upper limit into a maximal possible reaction rate.
Incorporating this rate into simulations run for astrochemically relevant parameters, shows that the upper limit to the contribution of
the reaction H2 +O in OH, and hence water formation, is 11% in dense interstellar clouds. Our combined experimental and theoretical
results indicate however, that this contribution is likely to be much lower.
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1. Introduction
The formation of interstellar water is commonly believed to oc-
cur mostly on the surfaces of icy dust grains in dark molecular
clouds where the temperatures range typically between 10 and
20 K. In recent years, several studies have been focusing on the
reaction of atomic hydrogen with O, O2, and O3 in interstellar
ice analogues, both experimentally and through surface models
(Hiraoka et al. 1998; Dulieu et al. 2010; Miyauchi et al. 2008;
Ioppolo et al. 2008; Oba et al. 2009; Ioppolo et al. 2010; Cup-
pen et al. 2010; Mokrane et al. 2009; Romanzin et al. 2011; Oba
et al. 2012; Lamberts et al. 2013). A possibly interesting alter-
native pathway to form water under interstellar conditions starts
from the reaction
H2 + O→ OH + H (R1)
and is followed by
OH + H→ H2O (R2)
or
OH + H2 → H2O + H. (R3)
Reaction R1 has been proposed to contribute significantly to the
formation of water since molecular hydrogen and atomic oxy-
gen are both abundantly present in the dense regions of the inter-
stellar medium (Cazaux et al. 2010, 2011). Additionally, Cazaux
et al. (2010) proposed this reaction to be important for deuterium
enrichment during water formation. Conceptually the interaction
between H2 and the surface could aid in breaking the H-H bond.
The reaction is, however, endothermic by 960 K, making it in-
tuitively unlikely to occur in the low temperature regime. More-
over, a theoretical barrier in the gas phase of approximately 7000
K is predicted for the case that both O and H2 are in the ground
state (Rogers et al. 2000). Gas-phase experimental work also
predicts high barriers (∼3000 K) as reviewed by Baulch et al.
(1992). Barriers of this order of magnitude lead to thermally in-
duced reaction rates that are so slow that their contribution to the
full chemical reaction network becomes negligible even over the
long interstellar time scales of several million years (Bergin &
Tafalla 2007). It should be noted that at low temperatures tunnel-
ing may play an important role, but tunneling through the barrier
of an endothermic reaction can only take place if the reactants
have an initial energy equal to or larger than the endothermicity
(Arnaut et al. 2006).
For the reasons mentioned above, reaction R1 was excluded
in the reaction scheme used by Cuppen & Herbst (2007) who
studied the formation of ice mantles on interstellar grains. Re-
cent solid state laboratory studies by Oba et al. (2012) showed no
detectable production of H2O by means of infrared spectroscopy
upon co-deposition of H2 and O atoms, which motivated Taquet
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et al. (2013) to exclude it from their ice chemistry reaction net-
work as well.
Here ultra-high vacuum (UHV) surface chemistry experi-
ments are carried out at low temperature in conjunction with
kinetic Monte Carlo modeling to clarify the ambiguity in the im-
portance of the reaction H2 + O under interstellar conditions.
2. Calculation of the reaction rate
Reactions are often considered to take place along pathways
such as those shown in Fig. 1. The reaction coordinate is de-
picted on the horizontal axis, energy on the vertical axis, ∆E
indicates the difference in potential energy between reactants (A
+ B) and products (C + D) and the reaction rate is determined by
the barrier or activation energy, Ea. In astrochemical models it is
Ea
   E
  A + B
   C + D
E
Exothermic Reaction
Endothermic Reaction
Fig. 1. Schematic representation of the energy level diagram of an
exothermic and endothermic reaction.
common to use a straightforward expression for the calculation
of a reaction rate as a result of the large chemical networks in-
volved (Garrod & Herbst 2006). The calculation of the reaction
rates therefore often involves making a rather arbitrary choice
between the expression for classically (i.e., thermally) activated
reactions
ktherm. = ν exp
(
−Ea
T
)
(1)
and the expression for tunneling of a free particle through a rect-
angular barrier (Bell 1980)
kexo. tunn. = ν exp
(
−2 a
~
√
2 µ Ea
)
. (2)
Typically the trial frequency ν is approximated by the standard
value for physisorbed species, kT/h ≈ 1012 s−1 and a barrier
width a of 1 Å is chosen. In the expression for the tunneling rate
the reduced mass, µred, is usually taken to be the reduced mass
of the total reacting system without taking into account the mu-
tual orientation of the reactants. The mass should, however, be
affiliated with the reaction coordinate involved as was done in
recent work of a linear bimolecular atom-transfer reaction lead-
ing to an effective mass, µeff (Oba et al. 2012). In the case of
reaction R1 the difference between the reduced and the effective
mass gives rise to a substantial increase of the reaction rate (see
also Table 1).
Tunneling rates for endothermic reactions, kendo. tunn. (see
Fig. 1), need to be calculated as a combination of both Eqs. 1
and 2, where the classical contribution accounts for the part of
the reaction barrier which lies below the endothermicity and the
tunneled contribution for that above (Arnaut et al. 2006). This
can be derived from arguments of detailed balance (or micro-
scopic reversibility): in equilibrium the net flux between every
pair of states is zero. The reaction rates should then obey the
condition
kendo. tunn.
kexo. tunn.
= exp
(
−∆E
T
)
. (3)
and hence, following the definition for Ea from Fig. 1,
kendo. tunn. = kexo. tunn. exp
(
−∆E
T
)
= ν exp
(
−2 a
~
√
2 µ Ea
)
exp
(
−∆E
T
)
. (4)
The comparison between these various ways of calculating the
reaction rate spans a large range as outlined in Table 1. A more
accurate way to calculate reaction rates also takes into account
the shape of the barrier, examples of which are the usage of the
Eckart model by Taquet et al. (2013) or the implementation of
instanton theory by Andersson et al. (2011). This results in modi-
fied tunneling reaction rates with differences up to several orders
of magnitude. Depending on the expression used, the resulting
reaction rate can be substantially different. The ambiguity makes
it hard to interpret these values in terms of their astronomical rel-
evance. One way to partially circumvent this is to make use of
upper (or lower) limits, determined experimentally.
In the following sections we will use laboratory experiments
combined with microscopic kinetic Monte Carlo simulations to
constrain the reaction rate of reaction R1. Subsequently the re-
sulting reaction rate is incorporated into the same kinetic Monte
Carlo model, but run with physical parameters relevant to the
interstellar medium to test its astronomical significance.
Table 1. Calculated reaction rates for the reaction H2 + O assuming
classical and tunneled contributions.
Eqn. used T ∆E Ea µ Rate
(K) (K) (K) (s−1)
(1) ktherm. 10 960 (...) (...) 5.2 × 10−119
(1) ktherm. 13.5 960 (...) (...) 3.1 × 10−85
(4) kendo. tunn. 10 960 2040a µeff = 0.47 5.0 × 10−36
(4) kendo. tunn. 13.5 960 2040a µeff = 0.47 3.2 × 10−25
(2) kexo. tunn. (...) (...) 3000 (1) µred = 1.78 1.2 × 10−1
(2) kexo. tunn. (...) (...) 3000 (1) µeff = 0.47 2.3 × 10+5
Notes. (a) The total barrier of the reaction is the combination of the
endothermicity, ∆E, and the barrier itself, Ea, which amounts in total to
∼ 3000 K (1).
References. (1) Baulch et al. (1992)
3. Experiments
3.1. Methods
Experiments are performed using the SURFRESIDE2 setup
which allows for the systematic investigation of solid state re-
actions leading to the formation of molecules of astrophysical
interest at cryogenic temperatures. SURFRESIDE2 consists of
three UHV chambers with a room-temperature base-pressure be-
tween 10−9 − 10−10 mbar. The setup has already been exten-
sively described in Ioppolo et al. (2013) and therefore only a
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brief description of the used procedure is given here. A rotatable
gold-coated copper substrate in the center of the main cham-
ber is cooled to 13.5-14.0 K using a He closed-cycle cryostat
with an absolute temperature accuracy of ≤ 2 K. This temper-
ature is around the lower limit of what can be reached under
our experimental conditions and is chosen to minimize the dif-
fusion of the oxygen atoms, but simultaneously have a high life-
time of H2 and O on the surface. To study the solid state re-
action pathway H2 + O, the reactants need to be deposited on
a surface, while simultaneously preventing the competing reac-
tions O + O −−→ O2 and O + O2 −−→ O3. This is achieved by
using a matrix consisting of CO2 molecules and an overabun-
dance of molecular hydrogen. A full experiment starts with the
preparation of all selected gases in separate pre-pumped (≤ 10−5
mbar) dosing lines. Subsequently a co-deposition of H2, O and
CO2 is performed. Room temperature carbon dioxide (Praxair
99.996%) is deposited through a metal deposition line under an
angle of 90◦. Room-temperature molecular hydrogen (Praxair
99.999%) is deposited on the surface through an UHV beam
line with an angle of 45◦ with respect to the surface. Oxygen
atoms are generated from 18O2 (Aldrich 99%) in another UHV
beam line in a microwave plasma atom source (Oxford Scien-
tific Ltd, see (Anton et al. 2000)) with an angle of 135◦ with
respect to the surface. A custom made nose-shaped quartz-pipe
is placed in between the atom sources and the substrate. The pipe
is designed in such a way that all chemically active species that
are in their electronic and/or ro-vibrationally excited states are
quenched to room temperature before being deposited to the sur-
face. Besides 18O atoms also a (large) fraction of non-dissociated
18O2 is present in the beam. The UHV beam lines can be oper-
ated independently and are separated from the main chamber by
metal shutters. All experiments and the corresponding atomic
and molecular fluxes are listed in Table 2. The effective O flux
determination by Ioppolo et al. (2013) was repeated and found to
be reproducible: 2 × 1011 at cm−2 s−1 (uncertainty ∼30%). Each
(control) experiment is performed for a duration of 75 minutes.
Experiments 1, 2 and 3 have been performed twice to check their
reproducibility. The aim of these experiments is to determine an
upper limit for the production of water during co-deposition.
SURFRESIDE2 has two main analytical tools: (i) the ice
composition is monitored in situ by means of reflection absorp-
tion infrared spectroscopy (RAIRS) in the range between 4000
and 700 cm−1 with a spectral resolution of 1 cm−1; (ii) the main
chamber gas-phase composition is monitored by a quadrupole
mass spectrometer (QMS), which is placed behind the rotatable
substrate. Here, we deposit a total of 0.9 ML O atoms per exper-
iment, meaning that RAIRS can only be used if the reaction is
indeed as efficient as claimed by the exothermic tunneled rate.
RAIR difference spectra with respect to the bare substrate are
recorded every 5 minutes, averaging over 512 scans. After the
co-deposition is finished, the sample is rotated to face the QMS
and a temperature programmed desorption (TPD) experiment at
1 K min−1 is performed to monitor the desorption of the ice con-
stituents. The QMS is typically used for the study of species that
fall below the detection limit of RAIRS, i.e., sub-monolayer ex-
periments.
To convert the integrated area of the current (pressure) read
by the QMS to a number of molecules desorbing from the sam-
ple, we performed several calibration experiments. Firstly, to re-
late the ice thickness to a QMS signal, we deposited layers of
water of three different thicknesses at 13.5-14 K, followed by
a TPD at the usual ramp of 1 K min−1. Subsequently the wa-
ter RAIRS signal at 3280 and 1660 cm−1 of these three exper-
iments is converted into a number of monolayers using the IR
bandstrength. This is, however, not trivial due to the reflection
mode of the IR spectrometer, which is setup dependent. The
bandstrength of CO2 in reflection mode was determined through
an isothermal desorption experiment by Ioppolo et al. (2013).
A similar calibration experiment cannot be easily performed for
H2O, due to rearrangement of hydrogen bonds at high temper-
atures, changing the desorption profile. Therefore, the ratio be-
tween the transmission bandstrengths of CO2 and H2O has been
taken from Gerakines et al. (1995) to derive the bandstrengths
in reflection mode for the 3280 and 1660 cm−1 bands of water.
Finally, the value for the integrated QMS signal, corresponding
to one monolayer of desorbing water molecules, is determined
by averaging over the three deposited water layers.
The experiments are analysed by first performing a linear
baseline correction between 115 and 195 K. Then, the mass 20
amu signal is integrated over two ranges; one centred at the CO2
desorption (∼80 K) and one at the H2O desorption (∼140 K)
given in Table 2. The combined signal is converted to a num-
ber of produced monolayers, averaged over the two experiments
performed and given in the last column of Table 2.
In previous experiments not listed in Table 2, we have used a
different CO2 flux and another source of atomic oxygen, N
16
2 O.
The latter has as main advantage that the competing ozone chan-
nel is less likely to occur since there are no large amounts of O2
present in the plasma source. It does yield regular water (H 162 O)
which is hard to distinguish from the contamination present in all
parts of the experimental setup. The use of 18O2 as a precursor
of atomic oxygen would lead to the formation of H 182 O that can
be better distinguished from background water contamination.
However, as previously mentioned, the resulting O-atom beam
will have an over abundance of undissociated O2 that may react
with atomic oxygen to form 18O3. The amount of
18O3 produced
in this way is calculated using the band strength determined by
Ioppolo et al. (2013).
We stress explicitly that even a small efficiency of the studied
reaction H2 + O may have a substantial impact on water forma-
tion for the timescales relevant in space. The nature of the stud-
ied system (low reaction probability as well as the low oxygen
flux) requires several control experiments to identify the con-
tribution of background water deposition from the different parts
of the experimental setup. Therefore, special care has to be taken
to exclude any experimental contaminations. To ensure that the
amount of background water deposition is as equal as possible
on a day to day basis, all (control) experiments are preceded by
a day during which the experimental setup has been used only
running the 18O2 plasma for 3 hours allowing the fragments to
enter also the main chamber in order to obtain stable experimen-
tal conditions. Furthermore, the timing of the sequential experi-
mental actions has been kept equal throughout all experiments.
3.2. Results and Discussion
This section explains the principle behind the ten experiments
mentioned in Table 2. Subsequently, the RAIRS results and
QMS data are discussed as well as several ways to establish an
upper limit of water production. We will show that with the set
of performed experiments a conservative upper limit of 0.09 ML
is found over an experimental duration of 75 minutes.
To disentangle the origin of the different contributions to the
detected 20 amu mass signal in the QMS (experiment 1), three
control experiments are performed as indicated in Table 2: (a)
to see the amount of H 182 O produced inside the plasma (experi-
ment 2), (b) to find the influence of the high H2 pressure inside
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Table 2. List of (control) experiments and integrated baseline corrected QMS signals for m/z = 20 and 22, i.e. H 182 O and D
18
2 O, and the calculated
H 182 O abundance in ML.
Nr. Experimental parameters Integrated QMS signal
T Time CO2 flux
18O2 flux
18O flux H2/D2 flux 70-105 125-175 H
18
2 O
(K) (min) (mol cm−2 s−1) (mol cm−2 s−1) (at cm−2 s−1) (mol cm−2 s−1) (K) (K) (ML)
1a 14 75 1.6 × 1014 1.7 × 1012 2 × 1011 H2 2.2 × 1014 2.1 × 10−9 2.1 × 10−9 0.26
2b 14 75 1.6 × 1014 1.7 × 1012 2 × 1011 – – 9.6 × 10−10 6.4 × 10−10 0.10
3b 14 75 – – – H2 2.2 × 1014 2.2 × 10−10 4.2 × 10−10 0.03
4b 14 75 – – – – – ∼ 0 1.3 × 10−10 ∼ 0
5a 14 300 1.6 × 1014 1.7 × 1012 2 × 1011 H2 2.2 × 1014 –c –c ∼ 1 d
6a 17 75 1.6 × 1014 1.7 × 1012 2 × 1011 H2 2.2 × 1014 1.2 × 10−9 1.3 × 10−9 0.15
7a 35 75 1.6 × 1014 1.7 × 1012 2 × 1011 H2 2.2 × 1014 1.7 × 10−9 8.4 × 10−10 0.16
8a 50 75 1.6 × 1014 1.7 × 1012 2 × 1011 H2 2.2 × 1014 1.6 × 10−9 4.2 × 10−10 0.12
9a 14 75 1.6 × 1014 1.7 × 1012 2 × 1011 D2 1.2 × 1014 – e 5.0 × 10−11 f –
1.8 × 10−9 g 9.4 × 10−10 g 0.17
10a 14 75 1.6 × 1014 1.7 × 1012 2 × 1011 D2 2.2 × 1014 – e 1.5 × 10−10 f –
2.7 × 10−9 g 9.4 × 10−10 g 0.22
Notes. The baseline corrected QMS signals are integrated over two different temperature ranges covering the CO2 and the H2O desorption peaks,
70-105 K and 125-175 K.
(a) Experiment (b) Control experiment (c) Different ramp rate (d) from RAIRS (e) Overlaps with doubly ionized CO2
(f) m/z = 22 (g) m/z = 20
the main chamber that can potentially result in sputtering of wa-
ter off the walls of the UHV system (experiment 3) and (c) to
check on the background deposition of water without any atoms
or molecules present in the setup (experiment 4). The upper limit
to water production is then determined by
[H 182 O] ((1) − (2) − (3) + (4)) . (5)
Experiment 4 is added here, not subtracted. The reason behind
this is that experiment 4 gives a contribution that is already in-
cluded in each other experiment. Therefore if we subtract exper-
iments 2 and 3 from 1, the contribution of experiment 4 is sub-
tracted twice and should therefore be added added once to get the
correct number. Apart from the aforementioned control exper-
iments, a series of other experiments are performed and added
to Table 2 (experiments 5-9). Firstly, we expect the amount of
water formed on the sample to be very small. Therefore, we per-
formed experiment 1 for a four times longer duration (experi-
ment 5) to allow for a possible detection of water ice with RAIR
spectroscopy. Secondly, we conducted experiments 6, 7 and 8
at different temperatures to retrieve information on the nature of
the surface reaction that may lead to the formation of water ice.
For instance, the so-called Langmuir-Hinshelwood (LH) mech-
anism is temperature dependent, whereas the Eley-Rideal (ER)
and Hot Atom (HA) mechanisms are much less so. Finally, we
performed two more experiments (9 and 10) with D2 instead of
H2 to test to which extent a reaction occurs via (partial) tunnel-
ing. Changing the mass of a reactant is a well established ex-
perimental technique generally used to verify whether or not a
reaction is classically (thermally) activated or proceeds through
tunneling (Oba et al. 2012, 2014) .
3.2.1. RAIRS
In all the experiments where the plasma source was operated,
ozone formation was confirmed through RAIRS, but no signifi-
cant difference could be found between the production in exper-
iments 1 and 2. The amount of O3 detected in both cases is equal
to the total amount of O atoms deposited on the surface within
the 30% uncertainty in the flux. Therefore, this leaves a maxi-
mum of 30% of the O flux to be used for reaction with H2, i.e.,
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Fig. 2. RAIR difference spectra from a co-deposition of H and 16O2
from Cuppen et al. (2010), H2, CO2 and
18O (experiment 1), CO2 and
18O (experiment 2). Spectra are baseline corrected and offset for clarity.
The spectra corresponding with experiments 1, 2 and 5 are scaled with
a factor 3. Note that the multitude of peaks in the right panel for experi-
ments 1 and 2 are due to water vapor in the setup and the peaks at 3515
and 3564 cm−1 are also visible in a ‘pure’ CO2 spectrum.
an upper limit to water production of
30% · 2 × 10
11at cm−2 s−1 · 75 min · 60 s min−1
1 × 1015 at ML−1
amounting to 0.27 ML in 75 minutes.
Experiment 1 does not result in a detectable amount of
formed OH or H2O on the basis of their infrared solid state spec-
tral features. Moreover, there is no significant difference between
RAIR spectra of experiments 1 and 2, as demonstrated in Fig. 2.
The small features visible in the 1600-1800 cm−1 range are due
to water vapor and they in fact determine the detectable level.
Comparing these spectra to a spectrum obtained from a previous
co-deposition experiment of H:O2 = 1:1 (Cuppen et al. 2010),
where OH, OH·H2O and H2O spectral bands were found at 3548,
3463, 3426, and 1590 cm−1, we conclude that the maximum
water production falls below the detection limit of RAIR spec-
troscopy during a 75 minutes experiment. Therefore, we per-
formed a 300 minutes co-deposition (experiment 5 in Table 2). In
this case, the water peak at 1590 cm−1 was clearly visible and,
moreover, after gently annealing to 110 K at a ramp of 0.5 K
min−1 to remove CO2 and O2 from the ice, a RAIR spectrum was
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Fig. 3. QMS traces of mass 20 amu for experiments 1-4 from Table 2.
Spectra are baseline corrected, offset for clarity and binned by averaging
5 points. Experiments 1-3 have been performed twice, hence two traces
are depicted by the solid and dashed lines.
recorded where approximately 1 ML of water was visible. The
upper limit to water production seen with RAIR spectroscopy
thus remains ∼ 0.25 ML for an experiment of 75 minutes dura-
tion.
3.2.2. QMS
Quadrupole mass spectroscopy allows to better constrain an up-
per limit for water formation thanks to its larger sensitivity. Ta-
ble 2 summarizes the integrated baseline corrected QMS sig-
nals for mass 20 amu (H182 O). Figure 3 shows the baseline cor-
rected QMS traces of experiments 1-4 from Table 2, both the
co-desorption with CO2 and the thermal desorption of H2O are
visible. Experiments 1-3 were performed twice and both traces
are shown. The desorption in the region between 14 and 70 K is
not taken into further consideration. This is because of the con-
tribution from the species desorbing from the heating tape area
in proximity of the substrate as well as because of the oversatura-
tion of the signal by desorption of H2 or D2, as can be concluded
from comparing experiment 1 and 3. Experiments 1, 2, and 3
have all been performed twice and the difference between the
sum of the integrated signals of two identical experiments is 16,
5, and 26% respectively, indicating that the overall uncertainty
will be of the order of 25% or smaller.
The upper limit to water production, calculated with Eqn. 5,
is about a factor 2 smaller than concluded from the RAIRS data:
0.14 ML during a 75 minutes experiment. The m/z = 20 signal
of both the co-desorption with CO2 and pure desorption of water
is taken into account.
Species that react via the LH mechanism are thermalized
and stay on the surface where they diffuse until they meet. This
mechanism can be tested by changing the temperature of the ice.
In this case, the production of water is expected to decrease with
increasing temperature because of a lower surface abundance of
H2 and, moreover, no products should be detected at tempera-
tures above the desorption temperature of one of the reactants.
For this reason, the experimental temperatures employed here
are 17, 35 and 50 K (experiments 6, 7 and 8). All detected m/z
= 20 signals in these experiments are close to the background
level determined at 14 K by experiments 2 and 3. We assume
that the observed water is indeed formed - even though this not
necessarily has to be the case - and below we discuss various
mechanisms. The detected amounts at 17 and 35 K are equal,
implying that the LH mechanism is unlikely to be governing any
potential reaction, because of the temperature dependence of the
residence time at the surface. Moreover, the integrated m/z = 20
signal decreases further when increasing the temperature to 50 K
but it still remains non-negligible. This means that the ER and/or
HA mechanisms should be responsible for any H2O formation,
at least in part and likely even at 14 K. For both mechanisms one
or more reaction partners are not thermalized. For the HA mech-
anism again both reaction partners are present on the surface,
but at least one of them is in some excited state (i.e., not thermal-
ized), whereas ER assumes that one reaction partner is present on
the surface and the second comes directly from the gas phase and
therefore must have a temperature of ∼300 K. Both mechanisms
in combination with excitation are not expected to be astronom-
ically important, because of the longer time scales and the much
lower gas phase temperature in dense molecular clouds. The sig-
nificance of this reaction pathway in the ISM, therefore, will be
negligible.
The reaction itself can proceed either classically activated or
through a combination of both a classical and tunneled contribu-
tion (e.g., Eqn. 4). Tunneling depends on the mass of the reac-
tants involved. Exchanging hydrogen for deuterium would result
in a decrease of the tunneled reaction rate of D2 + O and there-
fore a decrease in the production of m/z = 22 (D 182 O) compared
to m/z = 20 (H 182 O). Comparing the integrated QMS signals of
m/z = 22 in experiments 9 and 10 with m/z = 20 in experiment 1
at 125-175 K, we indeed see a large drop up to barely no signal.
Therefore, H 182 O formation in experiment 1 through a mecha-
nism in which tunneling plays a role cannot be eliminated. Be-
cause of the endothermicity of the reaction, this has to be a com-
bination of classical and tunneling behavior. As explained above,
the classical part can be overcome by some excitation effect.
Finally, even in the experiments performed with D2 still
H 182 O was detected, which can only be caused by water con-
tamination. From the result found in experiment 9 it is possible
to directly estimate the upper limit with
[H 182 O] ((1) − (9)) (6)
instead of with Eqn. 5. The difference in signal between experi-
ments 1 and 9 is therefore taken as the final range for the upper
limit to water production for our KMC model, i.e. 0.09 ML in 75
minutes. Because we want to determine an upper limit here, we
work with the outcome of experiment 9 and not 10 to guarantee
that we remain on the conservative side.
4. Theoretical
4.1. Kinetic Monte Carlo Model
This section describes the specific kinetic Monte Carlo proce-
dure used for the simulations and focuses on the difference be-
tween modeling experimental results and modeling under inter-
stellar relevant conditions. For a more detailed overview of the
method the reader is referred to Chang et al. (2005) and Cuppen
et al. (2013). The code used in the present paper is described in
Cuppen & Herbst (2007) and Lamberts et al. (2013, 2014).
The grain is represented by a lattice of 50 × 50 sites with
periodic boundary conditions, in which each lattice site can be
occupied by one of the following species: H, H2, O, O2, O3, OH,
HO2, H2O, and H2O2. Interstitial sites can be occupied only by
H, H2, O, and OH. Processes incorporated in the simulations are
(i) deposition from the gas phase to the surface, (ii) desorption
from the surface back into the gas phase, (iii) diffusion on the
surface, (iv) reaction, when two species meet each other, and (v)
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(photo)dissociation upon energy addition to the species. Each
of these processes is simply modeled as a change in the occu-
pancy of the sites involved. The event rates are assumed to be
classically activated and are calculated using (a form of) Eqn. 1.
The barrier for desorption and diffusion depends on the binding
energy of the species to the specific site it occupies. The reac-
tion network consisting of 16 surface reactions and their corre-
sponding rates is taken from Lamberts et al. (2014). Photodis-
sociation is implemented only in the interstellar simulations to
investigate the influence of the interstellar radiation field. In this
case, the five relevant reactions and their rates are taken from van
Dishoeck et al. (2006).
The following strategy is applied: first kinetic Monte Carlo
calculations are used to reproduce the experiments with the aim
to find an upper limit for the reaction rate (Section 4.2). The
resulting rate is subsequently used to simulate the formation of
interstellar ice on astrochemical timescales with a full water sur-
face reaction network to test the contribution of the H2 + O re-
action to the total production of water ice on interstellar grains
in dense clouds (Section 4.3). Note that, again, this is a con-
servative method since we already attributed any possible H2O
formation to mechanisms not relevant in the ISM. Below, how-
ever, we will assume a LH type mechanism. Also, our reaction
network does not include any species with C or N atoms which
will consume hydrogen as well. Here we specifically compare
the contributions of the reactions H + O and H2 + O.
4.2. Experimental Modeling
All surface abundances increase linearly with time, similar to
those for co-deposition experiments in Lamberts et al. (2013,
2014). The final abundances mentioned here are after 75 sim-
ulated experimental minutes. In all experimental simulations
water is produced via the immediate follow-up reaction R2,
H + OH −−→ H2O, because of our implementation of zero excess
energy for the reaction H2 + O −−→ OH + H. H and OH namely
remain in each other’s vicinity and can thus easily react. The un-
certainty in the H2O surface abundance is derived by performing
two different simulations both three times. We find values de-
creasing in time from roughly 25 to 7%, where the largest error
bar thus corresponds to the lowest amount of species on the sur-
face.
The values for the fluxes used in the simulations are equal
to those listed in Table 2 for the used experiments. The sticking
coefficients are assumed unity for the heavier species (18O, 18O2
and CO2), but is set to a consevative value of 0.2 for H2. Exper-
imental results on the sticking of H2 at 300 K to a 10 K surface
indeed indicate such low coefficients (Chaabouni et al. 2012).
The CO2 flux may be lower due to freeze-out on the cold finger
of the cryostat, but, again, to remain on the conservative side we
take the highest value of 1.6 × 1014. The rest of the parameter
settings used here are mentioned in Table 3. There is a certain
arbitrariness in the choice which values to use exactly for the
input parameters. Here, all input variables are chosen such that
they would result in a high reaction rate of the reaction H2 + O.
This is illustrated by the H2 sticking coefficient and the flux of
CO2, namely a low sticking coefficient results in less H2 + O
encounters and therefore would require a faster reaction rate to
produce a result equal to that with a higher coefficient. The same
holds for a decrease of the CO2 flux.
The approach taken here is to find a set of parameters that al-
lows to reproduce the experimental upper limit of 0.09 ML (see
Section 3.2) in 75 minutes of experiment. In order to do so, we
varied several parameters, as mentioned in Table 3. Firstly, the
Table 3. Minimal, maximal and standard parameters used and varied in
the experimental simulations.
Ediff, H2 Ediff, O Tsurf Tgas kO2+O kH2+O
(K) (K) (K) (K) (s−1) (s−1)
195 330 13.5 300 8.2 × 10−5 1.35 × 10−1
250 1100 13.5 300 1 × 1012 9.8 × 102
220 1100 13.5 300 8.2 × 10−5 5.1 × 101 / 2.2 × 102
Table 4. Summary of the impact of each parameter on the O3 and H2O
abundances in the ice.
no. kH2+O kO2+O Ediff, H2 Ediff, O H2O O3
(s−1) (s−1) (K) (K) (ML) (ML)
1 9.8 × 102 8.2 × 10−5 220 1100 0.15 0.01
2 2.2 × 102 8.2 × 10−5 195 1100 0.09 0.01
3 2.2 × 102 8.2 × 10−5 220 1100 0.09 0.01
4 2.2 × 102 1.0 × 1012 220 1100 0.10 0.05
5 2.2 × 102 8.2 × 10−5 220 555 0.10 0.01
6 2.2 × 102 1.0 × 1012 220 555 0.08 0.06
7 2.2 × 102 8.2 × 10−5 220 330 0.07 0.01
8 2.2 × 102 8.2 × 10−5 225 1100 0.09 0.01
9 5.1 × 101 8.2 × 10−5 220 1100 0.05 0.01
10 5.5 × 100 8.2 × 10−5 195 1100 0.02 0.01
11 5.5 × 100 8.2 × 10−5 220 1100 0.03 0.01
12 5.5 × 100 8.2 × 10−5 220 555 0.03 0.01
13 5.5 × 100 8.2 × 10−5 220 330 0.02 0.00
14 5.5 × 100 8.2 × 10−5 225 1100 0.03 0.01
15 1.35 × 10−1 8.2 × 10−5 220 1100 0.00 0.02
Notes. Abundances given here are scaled to 75 minutes where appro-
priate.
diffusion barrier of H2 is set to 195, 220 and 250 K. Next, we
performed simulations using barriers for oxygen atom diffusion
with 330, 555, and 1100 K. The latter value has been used in ear-
lier studies (Lamberts et al. 2013, 2014) and the second value is
half of this number. Very recently, literature values have become
available (e.g., Lee & Meuwly (2014); Congiu et al. (2014)) that
predict values between 350 and 1000 K, the domain embedded
by our chosen barrier values. The reaction rates of the reactions
O2 + O and H2 + O have also been varied. The first reaction
rate was set to the value used in a previous study ((Lamberts
et al. 2013), 8.2 × 10−5 s−1) as well as a value corresponding to
a barrierless reaction (1.0 × 1012 s−1). The second rate has been
set to 1.35 × 10−1, 5.5, 5.1 × 101, 2.2 × 102, and 9.8 × 102 s−1.
These values represent exactly the range in which the reaction
H2 + O becomes effective in competing with diffusion and other
reactions. In other words, for reaction rates below 1.35 × 10−1
s−1 the reaction does not occur at all. This sensitive window of
reaction rates has been found by performing several test simula-
tions used to probe the influence of the parameters. We started
with two models for each parameter, using the minimal and max-
imal value while keeping all other parameters constant to their
standard value as indicated in the final row of Table 3. Due to
the dominant role of kH2+O, the influence of any other parameter
was typically checked at two different reaction rates. Only in the
case that a dependence on a particular parameter was found, we
varied that specific parameter to other values in additional simu-
lations while keeping other parameters constant to their standard
value. Therefore, not a full grid of models was used, but rather
a total of 15 simulations have been performed. The resulting O3
and H2O abundances are summarized in Table 4.
The diffusion rates of both O and H2 only play a role when
the reaction with the O atom is almost prohibited. In this case, a
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Fig. 4. Surface abundances of O, O2, O3, H2, and H2O in time for the
‘upper limit’ simulation. One should realize that the total amount of de-
posited ice over the course of this simulation is 360 ML. The dominant
component, by far, is CO2 (not shown) because of its high flux.
high diffusion rate leads to a lower water production, because of
the favorable competition with respect to reaction. The amount
of O3 produced in the simulations does not depend on the diffu-
sion rate of oxygen atoms, but does show a strong dependence
on the reaction rate of O2 + O. Previously we used a reaction
rate of 8.2 × 10−5 s−1 (Lamberts et al. 2013). Here we see that a
faster rate is needed to reproduce the amounts detected by RAIR
spectroscopy. We will come back to this in the next section.
From Table 4 it can be deduced that for the production of
water the parameter that has the largest impact on the final abun-
dances is the reaction rate itself, namely kH2+O. For most simu-
lations the final H2O abundance remains below the experimental
upper limit of 0.09 ML. In Fig. 4, the surface abundances of O,
O2, O3, H2 and H2O are depicted over a simulated period of 37.5
minutes for simulation number 3 in Table 4, which we define as
the ‘upper limit’ simulation. It concerns a co-deposition exper-
iment, therefore the profile of surface abundances is increasing
linearly with time. The high amount of H2 should be interpreted
as 1.1 ML distributed over the total ice thickness of 360 ML.
The total ice thickness is mainly determined by the high CO2
flux and therefore, a deposited H2 molecule either reacts, des-
orbs or is covered by another CO2 molecule. That means that on
average there is 0.003 ML of H2 in each monolayer and thus this
corresponds to the average surface coverage at any given time.
The final H2O abundance in this figure is 0.045 ML, because of
the reduced time scale. The value of kexp. max(13.5 K) = 2.2×102
s−1 leads to this H2O production that corresponds to the exper-
imentally determined value. This rate will be used to simulate
water formation in the ISM through H2 + O.
4.3. Astrochemical Modeling
Two dense clouds with different temperature, density and UV
field are studied here. Their physical parameters are chosen iden-
tical to those of dense clouds I and II in Lamberts et al. (2014) as
summarized in Table 5. The high densities nH and simultaneous
low temperatures, but high AV values mimic typical values found
in dense clouds. A major difference between the present and pre-
vious work is the inclusion of endothermicity of reaction R1. In
the preceding study, we included an excess energy of 1400 K
for each reaction in the water formation network with two re-
action products and the energy is spread over these products.
The excess energy for the endothermic reaction H2 + O is there-
fore explicitly set to 0 K, all other two-product reactions obtain
a reaction heat of 1400 K. We use the same full water reaction
network, but following the outcome of Lamberts et al. (2013,
2014), we omitted the reaction channel H + HO2 −−→ H2O2. The
network used here consists of a total of 16 reactions.
The main parameter varied in the astrochemical simulations,
is the rate of reaction R1 ranging between the fastest kexo. tunn.
and the slowest kendo. tunn. as explained in Section 2. From the ex-
periments it is deduced in Section 3.2 that if water is produced
starting from H2 + O it can be only via a mechanism involving
overcoming the endothermicity classically ‘followed’ by tunnel-
ing through the barrier as indicated in Fig. 1 and Eqn. 4. Scaling
the reaction rate determined experimentally at 13.5 K to rates
relevant at 10 and 12 K - the surface temperatures of the grains
in the dense cloud studied here - is realized through the approach
outlined below:
kexp. max(13.5 K) = C · exp
(
−∆E
T
)
2.2 × 102 = C · exp
(
− 960
13.5
)
⇒ C = 1.68 × 1033
kexp. max(T ) = 1.68 × 1033 · exp
(
−960
T
)
. (7)
Here, we assume that the endothermicity of the reaction, ∆E,
is well constrained by the gas-phase value of 960 K. The tun-
neling mechanism, activation energy and pre-exponential factor
are not specifically considered (compare to Eqn. 4), but are all
combined in the factor C, which is considered temperature inde-
pendent over the small temperature range studied here.
Table 6 gives the contributions of the different surface reac-
tion routes to OH and H2O formation and the total amount of
H2O produced per kyr in the simulations. Three different reac-
tion rates are considered: (i) assuming exothermic tunneling with
Eqn. 2, (ii) using the experimentally determined maximum rate
with Eqn. 7, and (iii) assuming that Ea +∆E = 3000 K in Eqn. 4.
The results presented here are obtained at a time of ∼ 2.0 × 104
and ∼ 3.5 × 103 years for the two clouds respectively. This may
seem too short to be interstellar relevant, and is due to the high
computational costs, but in fact all abundances increase linearly
or reach a steady state abundance before this time. Moreove, all
values are calculated after the grain has already been covered
with a total of 1 ML of species.
The following reaction channels are considered in Table 6.
Firstly, the production of the OH radical is broken down into
the separate contributions of five reaction routes, namely H2 +
O, H + O, H + HO2, H + O3, and H + H2O2. In the case of
cloud I, changing the reaction rate of R1 simply shifts the main
production route from H2 + O to H + O for decreasing rates. For
cloud II, however, there is more oxygen than atomic H present
in the cloud. Allowing the reaction H2 + O to proceed thus leads
to a much higher OH production.
The formation of water can also proceed via multiple reac-
tion routes, but the two that are important here are H + OH and
Table 5. Parameters used in the astrochemical simulations, i.e., dense
clouds I and II (1).
AV nH nH(I) nO(I) Tgas Tgrain
(cm−3) (cm−3) (cm−3) (K) (K)
I 5 5 × 103 2 1.5 20 12
II 10 2 × 104 2 6 10 10
References. (1) Lamberts et al. (2014)
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Table 6. Contributions of the different surface reaction routes to OH and H2O formation after a coverage of 1 ML is reached and total produced
water rate for dense clouds I and II for different values of kH2+O.
Cloud H2 + O H + O H + HO2 H + O3 H + H2O2 H + OH H2 + OH H2O prod.→ OH + H → OH → OH + OH → OH + O2 → OH + O → H2O → H2O + H
kH2+O (s
−1) (%) (%) (%) (%) (%) (%) (%) (ML kyr−1)
I kexo. tunn.a = 2.3 × 105 95.0 4.5 ∼0 ∼0 ∼0 ∼100 ∼0 0.19
I kexp. max.b = 3.0 × 10−2 11.0 74.0 12.0 0.5 2.5 86.5 9.0 0.15
I kendo. tunnc = 4.4 × 10−29 0 82.0 14.0 1.0 3.0 75.5 19.5 0.14
II kexo. tunn.a = 2.3 × 105 98.5 1.5 ∼0 0 ∼0 99.0 1.0 0.54
II kexp. max.b = 3.5 × 10−9 1.0 56.0 31.0 6.0 6.0 26.0 60.0 0.24
II kendo. tunnc = 5.0 × 10−36 0 54.0 35.0 5.5 5.5 20.5 63.5 0.24
Notes. (a) Eqn. 2, with Ea equal to Ea + ∆E from Fig. 1, i.e. 3000 K. (b) Eqn. 7. (c) Eqn. 4, with Ea = 2040 K and ∆E = 960 K.
H2 + OH. In the lower density case, the total water production
rate does not change substantially between the three rates. At
higher densities, the larger abundance of OH translates immedi-
ately into a larger amount of produced H2O, since the products of
reaction R1, i.e., H and OH, remain again in each other’s vicin-
ity.
Furthermore, focusing on the upper limit to the reaction rate,
kexp. max., Table 6 clarifies that the reaction H2 + O only con-
tributes to a maximum of 11% to the formation of OH on the
surface of dust grains in cloud I and does not contribute at all in
cloud II. Since we chose all parameters in such a way to stay on
the conservative side, this is an absolute upper limit. Higher H2
sticking probabilities, lower CO2 flux due to freeze out on the
cold finger or non-thermalized effects as detailed in Sections 3.2
and 4.2 all lead to lower rates.
The effect of the O diffusion barrier has been investigated
by simulating with the values 555 and 1100 K. Although the
total water production does not change much, the relative contri-
butions of the reaction producing OH radicals do: with a faster
O diffusion, the competition between diffusion and the reaction
H2 + O favors diffusion, leaving O free on the surface to react
with other species. Consequently, the reactions H + O, O + O or
O+O2 play a larger role, the extent of which depends on the den-
sity. Furthermore, increasing the reaction rate for O3 formation
results in a larger contribution of the reaction channel H + O3.
In the end, also these effects will decrease the efficiency of the
reaction H2 + O.
5. Astrophysical Implications
Since the reaction H2 + O only contributes to a maximum of
11% to the formation of OH, water formation is dominated by
the other reaction routes, such as O + H, O2 + H, OH + H and
OH + H2. This implies that depending on the ratio of O/H in
the gas phase, the limiting factor to the water formation rate in
dark clouds is the amount of H atoms available. Additionally, for
high O/H ratios, a higher diffusion rate of O atoms can lead to
more reactions of the type O + O (Congiu et al. 2014). This does
not mean that water formation is prohibited, since the reaction
channel O2+H can also lead to efficient water formation (Ioppolo
et al. 2010; Cuppen et al. 2010; Lamberts et al. 2013).
The experimentally found upper limit for the reaction rate,
Eqn. 7, can be compared to the values of the reaction rates where
exothermic tunneling was assumed. Taking the final two entries
of Table 1, we see that these rates (at 10 K) are always larger.
Therefore, the assumed importance of the reaction H2 + O for
the deuterium fractionation ratios of water on the surfaces of dust
grains has to be considered with care (Cazaux et al. 2010, 2011).
Their HDO/H2O ratio found at low temperatures results from the
assumption that the reaction HD + O proceeds via tunneling and
therefore mainly produces OH + D. The amount of HDO formed
on the surface of dust might in fact be much larger, depending
on the main water formation route in the specific region in the
interstellar medium (through atomic or molecular oxygen).
6. Conclusions
We presented a combined experimental and modeling study ded-
icated to study the significance of the reaction H2+O −−→ H+OH
in the framework of the solid state water formation network in
interstellar ice (analogues).
From precisely executed Temperature Programmed Desorp-
tion experiments in an UHV setup bringing together H2 and O
in a matrix of CO2, we established an experimental upper limit
of the water production. In case this amount of water is indeed
being produced on the surface, instead of coming from an ad-
ditional source of contamination, we find that this can only be
caused by a combined classical and tunneled reaction mecha-
nism, based on Eqn. 4. An upper limit for the reaction rate was
found using a microscopic kinetic Monte Carlo model that con-
verts the maximum number of molecules formed into a possible
reaction rate: 1.68 × 1033 · exp (−960/T ) s−1. Incorporating this
rate into simulations run under astrochemically relevant param-
eters, we find that the reaction H2 + O does not contribute to
more than 11% to the formation of water in dense clouds in the
interstellar medium.
This number is an absolute upper limit, as all numbers used
are conservative estimates. It is likely that in space the efficiency
will be substantially lower.
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